Currently, a high carbohydrate/low fat diet is recommended for patients with hypertension; however, the potentially important role that the composition of dietary fat and carbohydrate plays in hypertension and the development of pathological left ventricular hypertrophy (LVH) has not been well characterized. Recent studies demonstrate that LVH can also be triggered by activation of insulin signaling pathways, altered adipokine levels, or the activity of peroxisome proliferator-activated receptors (PPARs), suggesting that metabolic alterations play a role in the pathophysiology of LVH. Hypertensive patients with high plasma insulin or metabolic syndrome have a greater occurrence of LVH, which could be due to insulin activation of the serine-threonine kinase Akt and its downstream targets in the heart, resulting in cellular hypertrophy. PPARs also activate cardiac gene expression and growth and are stimulated by fatty acids and consumption of a high fat diet. Dietary intake of fats and carbohydrate and the resultant effects of plasma insulin, adipokine, and lipid concentrations may affect cardiomyocyte size and function, particularly in the setting of chronic hypertension. This review discusses potential mechanisms by which dietary carbohydrates and fats ca affect cardiac growth, metabolism, and function, mainly in the context of pressure overload-induced LVH.
Introduction
Hypertension is a major cause of left ventricular hypertrophy (LVH), which frequently leads to heart failure [1] [2] [3] [4] [5] . Neurohormonal stimulation in hypertension activates signaling pathways in cardiomyocytes that lead to the development of LVH [6] [7] [8] [9] [10] [11] . Recent studies demonstrate that cardiomyocyte hypertrophy can also be triggered by activation of insulin signaling pathways [12] [13] [14] , altered adipokine levels [15] [16] [17] [18] or the activity of peroxisome proliferator-activated receptors (PPARs) [19] [20] [21] [22] , suggesting that metabolic alterations can play a role in the pathophysiology of LVH. Hypertensive patients with high plasma insulin or metabolic syndrome have a greater occurrence of LVH [23] [24] [25] [26] [27] [28] [29] [30] , which could be due to insulin activation of the serine-threonine kinase Akt and its downstream targets, resulting in cellular hypertrophy [12, 13, 31, 32] . PPARs also activate cardiac gene expression and growth, and are stimulated by fatty acids [33, 34] and consumption of a high fat diet [35] [36] [37] . Taken together, these findings suggest that dietary intake of fats and carbohydrate, particularly the intake of simple sugars and the resultant effects of plasma insulin, adipokine, and lipid concentrations, may affect cardiomyocyte size and function, especially with chronic hypertension.
Consuming a high saturated fat and/or high cholesterol diet is atherogenic in humans [38, 39] , thus current dietary guidelines recommend a high carbohydrate/low saturated fat/low cholesterol diet to prevent heart disease [40] . Less consideration, however, has been given to the effects of dietary lipid and carbohydrate on activation of hypertrophic signaling pathways and the development of LVH. In addition, recent studies show that the adipokines leptin and adiponectin may play a role in the development and progression of LVH [15] [16] [17] [41] [42] [43] and may be altered by composition of dietary lipids and carbohydrates [35, [44] [45] [46] [47] . Recent studies found that dietary composition of fat and carbohydrate can effect the development of LVH and cardiac pathology [48] [49] [50] . The aim of this review is to present the potential mechanisms by which dietary macronutrients can affect cardiomyocyte growth and cardiac dysfunction in response to pressure overload. It is important to note that diet and LVH effect myocardial substrate metabolism, however this topic is outside the scope of the present discussion, and the reader is referred to several recent reviews on this topic [34, [51] [52] [53] .
Chronic hypertension and LVH
Despite aggressive diagnosis and treatment, hypertension remains a major clinical problem [54] and predictor of pathological LVH and heart failure [1, 2, 55, 56] . Classically, LVH is viewed as an initial positive adaptation to normalize wall stress by increasing wall thickness [57] . However, these same compensatory mechanisms frequently lead to LV dysfunction and remodeling that eventually culminates in overt heart failure [58, 59] . Recent data from transgenic mice with attenuated LVH in response to pressure overload show better cardiac function and better maintenance of LV end diastolic volume than wild type mice despite increased end systolic wall stress [60, 61] . Additionally, long-term treatment of hypertensive patients with angiotensin converting enzyme (ACE) inhibitors leads to a reduction in LVH and subsequent improvement in cardiovascular risk outcomes [62] . Taken together, LVH results in poor long-term outcome. Thus, it is important to prevent LVH in hypertension.
Several lines of evidence link dietary factors as a cause of hypertension and subsequent LVH [63, 64] . The link between increased sodium intake and elevated blood pressure is well documented [65, 66] , as is the link between dietary intake of saturated fatty acids, elevated low density lipoprotein cholesterol [39, 67] and occurrence of coronary artery disease. However, these topics are outside the focus of the present review. Nevertheless, there is a paucity of knowledge regarding the role of macronutrients in the development of LVH in the setting of hypertension. Recent guidelines issued by the American Heart Association (AHA) emphasize the consumption of low fat/high carbohydrate diets in order to reduce cardiovascular disease (CVD) risk factors [40] . The AHA statement on sugar consumption emphasizes the lack of information on the relationship between sugar intake and CVD [68] . Early studies from Yudkin in the 1960s and 1970s demonstrated a potential link between simple sugar consumption in ischemic heart disease and atherosclerosis [69, 70] , but these intriguing studies did not evaluate the impact of simple sugars on LVH.
Insulin, lipids, and cardiac growth
Cardiomyocyte hypertrophy occurs when protein synthesis exceeds protein breakdown, resulting in a net accumulation of protein and expansion in cell size. On the other hand, the molecular mechanisms that cause LVH are extremely complex and redundant, and despite significant progress over the last 20 years, the precise signaling pathways remain only partially understood [6] [7] [8] 57, [71] [72] [73] [74] [75] . Insulin stimulates protein synthesis and inhibits protein breakdown in the heart [76] [77] [78] , and clinical studies have found that elevated plasma insulin is associated with LVH [23] [24] [25] [26] [27] [28] [29] [30] . The dietary intake of carbohydrates (particularly simple sugars) and lipids largely determines the exposure of the heart to insulin and various long chain fatty acid ligands for PPARs, and may play a role in the regulation of cardiomyocyte size under pathological conditions. While a great deal of attention has been placed on the effects of activation of the signaling pathways for angiotensin, endothelin, and adrenergic receptors in pathologic cardiomyocyte hypertrophy, the potential role of metabolic hormones and lipid ligands in stimulation of hypertrophic growth has been less studied.
Insulin-Akt-mTOR signaling in LVH
Insulin receptor stimulation activates phosphoinositol-3 kinase (PI3K), and subsequently phosphorylates and activates of Akt [79] (Fig. 1 ). PI3K and Akt can also be activated by G-protein-coupled receptor stimulation [80] [81] [82] . Common to these hypertrophic pathways is the phosphorylation and activation of the downstream mammalian target of rapamycin (mTOR) [71, 79, 82] . Recent studies suggest that mTOR controls the translational machinery via activation of ribosomal p70 s6 kinase (p70s6k), which is critical for protein synthesis and hypertrophy [12, 31, 73] . Akt activation also leads to phosphorylation and inhibition of glycogen synthase kinase-3β (GSK-3β), which inhibits cyclin D and gene transcription and can result in greater transcription and cell growth [82] (Fig. 1) . In addition to promoting protein synthesis, Akt activation can suppress protein degradation by inactivation of forkhead dependent transcription factors (FOXO), which promote proteolysis [72, 83] . Thus, insulin stimulation of Akt and downstream targets (mTOR, FOXO) link insulin receptor stimulation and downstream growth responses.
Strong evidence for a key role for insulin signaling in LVH comes from studies in transgenic animals. Insulin-like growth factor (IGF) receptor signaling can contribute to progressive cardiac dysfunction in aging as recently shown in fruit flies [84] . Age-related heart dysfunction and heart failure were minimized with a reduction of systemic levels of insulin-like peptides, inactivating mutations in the insulin receptor, or over-expression of FOXO [84] . Cardiac insulin receptor knockout mice have smaller hearts [13] and reduced activation of Akt and p70s6k, which are critical for protein synthesis and hypertrophy [12] . Conversely, over-expression of Akt in isolated cardiomyocytes increases insulin-stimulated protein synthesis [12] , and mice with cardiac over-expression of Akt have greater p70s6k activity and extreme LVH (2.3-fold increase above non-over-expressing mice) [85] .
Activation of mTOR stimulates LVH in response to hypertension [86, 87] or aortic banding [31, 32, 88, 89] in rats and mice. Treatment with rapamycin prevents activation of p70s6k and LVH in mice subjected to aortic banding, and rapamycin administration following the establishment of LVH reduces p70s6k activation and blunts the increase in LV mass [32] . These findings illustrate the key role of mTOR activation in the development of LVH in response to various forms of pressure overload. While a role for mTOR activation in regulating pressure overload-induced LVH is clearly established, the interaction between insulin-and pressure overload-induced activation of mTOR is unclear. Nutritional status is a major regulator of Akt activity in the heart, as evidenced by a ∼ 3 fold higher Akt and p70s6k in the fed state (with standard high carbohydrate rodent chow) compared to overnight fasted conditions [12] . Thus, when insulin levels are elevated by eating high carbohydrate food, there is greater activation of Akt, mTOR, and p70s6k, suggesting a higher rate of protein synthesis and/or less protein breakdown. As expected, these feeding effects are lost in the cardiac insulin receptor knockout (CIRKO) mouse due to the absence of normal insulin signaling [12] . This suggests the possibility that the increase in insulin exposure to the heart after consuming a high carbohydrate meal activates the Akt-mTOR-p70s6k pathway and increases protein synthesis.
Akt isoforms have various roles in cardiac physiology and growth
There are three isoforms of Akt in mammals: Akt1, Akt2, and Akt3. Akt1 and Akt2 are expressed in the heart [90] [91] [92] , while Akt3 is expressed primarily in brain where it regulates growth [92, 93] . Studies in Akt1−/− mice [90, [94] [95] [96] and mice with cardiac over-expression of Akt1 [96] suggest that this isoform mainly functions to regulate growth [90, 94, 95] . Akt1−/− mice have impaired fetal and postnatal growth [90] but normal glucose tolerance and insulin responses [90] . Mice with constitutively active cardiac Akt1 develop LVH [96] , while Akt1−/− mice are resistant to swim traininginduced cardiac hypertrophy [14] . Additionally, isolated myocytes from Akt1−/− mice are resistant to IGF-1-stimulated protein synthesis, suggesting that PI3K-Akt pathways is key for normal heart growth [97] . Akt2−/− mice also exhibit growth retardation but also have severe diabetic symptoms such as insulin resistance, hyperglycemia, hyperinsulemia, and glucose intolerance [91, 98] . On a systemic basis, the Akt2−/− mouse has a more severe phenotype, with both retarded growth and severe symptoms of diabetes [91, 98] , while that of the Akt1−/− is mainly isolated to growth [90] .
Lipid activation of PPAR signaling
Cardiac gene expression and myocyte growth can also be activated by ligand binding to PPARs, specifically PPARα and PPARβ/δ [33, 34, [99] [100] [101] [102] . These transcription factors Fig. 1 . Proposed schematic depiction of activation of LV hypertrophy by insulin-and fatty acid-mediated signaling pathways. In addition to the "classical" mediators of LVH (adrenergic signalling, endothelin, renin-angiotensin system, etc.) dietary macronutrients can be involved in the hypertrophic response. Insulin enhances Akt-stimulated protein synthesis by activating mTOR and p70s6k, and inhibiting GSK-3β. Akt inhibits protein breakdown through inhibition of FOXO. Upstream of Akt, PI3K can also be activated by signaling mechanisms linked to G-protein coupled receptor stimulation (e.g. Ras, MAPK, ERK, etc) as well as AMP kinase (AMPK). The adiponkines leptin and adiponectin can affect hypertrophy through their actions on ERK and AMPK. PPAR/RXR/PGC1 activates expression of genes involved in cardiac fatty acid oxidation and mitochondrial biogenesis, and can stimulate hypertrophy under some conditions (transgenic over-expression or pharmacologic stimulation with high doses of agonist).
control gene expression by forming a heterodimer with the retinoid X receptors (RXR) and then binding to specific PPAR response elements (PPRE) located within promoter regions of many genes encoding metabolic enzymes [33] . In addition, the PPAR/RXR complex requires the cofactor PPARγ coactivator-1α (PGC-1α) [100] . Once bound to the PPRE, the PPAR/RXR/PGC-1 complex increases the rate of transcription of fatty acid oxidation genes [99, 101, 103, 104] . The activity of PPAR/RXR heterodimers is increased by fatty acids and eicosanoids. Thus, PPAR/RXR heterodimers act as lipid sensors in the cell, increasing the capacity for fatty acid catabolism in response to a greater cell exposure to lipid (Fig. 1) [100] . While the expression of PPARα and PPARβ/δ [99] are high in the heart, PPARγ mRNA is very low and does not appear to play a direct role in regulating fatty acid oxidation [99, 105] .
PPAR regulation and response to LVH
The mRNA for PPARα-regulated genes are downregulated in severe LVH and heart failure in humans and animal models [34, [106] [107] [108] [109] [110] . Changes in the mRNA expression of PPAR-regulated genes do not consistently result in a similar change in protein expression or enzyme activity [19, 107, 111] , thus one must use caution when inferring changes in protein expression from mRNA data. Several studies found decreased expression of PPARα mRNA or protein in response to hypertrophic growth in cell culture or with LVH following aortic banding [34, 101, 109, 110, 112] . On the other hand, in the rat infarct and canine pacing models of heart failure (both which result in LVH), there is no decrease in PPARα protein expression despite reduced mRNA levels for PPARα-regulated genes [19, 107, 111, 113, 114] . Mice with a cardiac-specific deletion of PPARβ/δ have LVH, myocardial lipid accumulation, and reduced survival [115] , but PPARα−/− mice have a normal heart mass/body mass ratio [22] . Since PPARα and PPARβ/ δ appear to perform redundant functions, it is difficult to draw conclusions from studies in knock out mice about the role of either receptor in the regulation of LVH in response to pressure overload. At present, one can conclude that there is a consistent decrease in the transcript levels of PPARα/ PPARβ/δ regulated genes in advanced LVH, but it does not require a decrease in PPARα protein expression.
Data on the effects of activation of the PPAR pathway on LVH are conflicting. Cardiac-specific over-expression of PPARα in transgenic mice results in LVH and LV dysfunction [21] , particularly with high fat feeding [22] . Conversely, the PPARα ligands fenofibrate and Wy-14,463 inhibited cardiomyocyte hypertrophy in response to endothelin in cell culture [116] . A similar anti-hypertrophic action has been observed for other nuclear ligands, including 1,25 dihydroxyvitamin D and retinoic acid [117] . On the other hand, treatment of Fischer 344 rats with the PPARα agonists Wy-14,643 for 26 weeks resulted in a 23% increase in cardiomyocyte diameter and a greater heart mass/body mass ratio [20] . Activation of PPARα with fenofibrate for 12 weeks in rats with infarct-induced heart failure increased mRNA levels for PPARα-regulated genes and LV mass but had no effect on cardiac systolic function or LV end diastolic volume [19] . Treatment of rats subjected to either sham surgery or proximal aortic banding with Wy-14,643 did not increase LV mass in either group despite increasing the mRNA level of PPARα regulated genes [110] . Activating RXRα by feeding retinoic acid to normotensive rats for 90 days resulted in a 10% increase in LV mass/body mass ratio [118] . Taken together, it appears the pharmacological activation of the PPAR/RXR system can result in a modest degree of LVH, though this is not a uniform finding.
The effects of a high fat diet on PPAR activity and LVH are more complex and not well studied. Feeding a high fat diet (60% of total energy from fat) to normotensive rats for 8 weeks increased the mRNA expression for PPAR regulated genes, but did not result in LVH compared to a high carbohydrate/low fat diet [35] . It is important to note that the high fat diet reduced plasma insulin in the fed state, which may act to reduce insulin-stimulated growth in the face of PPAR activation. Another study found that feeding a high fat diet (45% of energy from fat) to rats with infarct-induced heart failure had no effect on LV mass or function, or the mRNA and protein levels of PPAR-regulated genes [19] . On the other hand, feeding a high fat diet to hypertensive Dahl salt-sensitive rats increased the expression of the mRNA expression for medium chain acyl-CoA dehydrgoentase, a PPARα regulated gene, and attenuated hypertension-induced LVH [49] , which is consistant with cell culture data showing an antihypertrophic effect with pharmacological activation of PPARα [116, 117] .
In summary, there appears to be decreased activity of the PPARα/PPARβ/δ pathways in advanced LVH, which results in a reduced capacity for fatty acid oxidation. It remains unclear if ligand activation of PPARα and/or PPARβ/δ by fatty acids (as might occur with some high fat diets, insulin resistance or diabetes) or PPAR agonists has a direct effect on the development of LVH under conditions of pressure overload. In addition, it is not clear if stimulation of PPAR activity under conditions of pressure overload prevents the down-regulation of proteins involved in fatty acid metabolism [33, 34] .
Insulin resistance and LVH
Cardiac contractile function, gene expression, LV chamber volume, and LV mass are affected by circulating hormones and substrates, including the concentrations of fatty acids and insulin in the plasma [34] . Plasma fatty acid concentration is largely a function of net fatty acid output from adipocytes, which is inhibited by plasma insulin and increased by adrenergic stimulation. Plasma insulin levels reflect the rate of insulin secretion from pancreatic beta cells, which secrete insulin in response to the plasma glucose concentration. Impaired insulin signaling in adipose tissue and skeletal muscle is the hallmark of the whole body insulin resistance observed with metabolic syndrome or type 2 diabetes, and is largely responsible for the increase in plasma insulin and free fatty acids found in these patients [119] . Thus, impaired insulin stimulation of glucose uptake in skeletal muscle and adipose tissue will drive the system to a higher insulin concentration to stimulate the same rate of whole body glucose uptake [119] .
Clinically, patients with essential hypertension often display both LVH and insulin resistance [120] [121] [122] [123] . Hypertensive patients with either high plasma insulin or metabolic syndrome have a greater occurrence of LVH [23] [24] [25] [26] [27] [28] [29] . Echocardiographic assessment of 1388 nondiabetic American Indians showed that greater LV size (adjusted for blood pressure and body mass) is positively related to fasting insulin level [27] . Approximately two-thirds of patients with essential hypertension have abnormal glucose metabolism [124] , and there is a positive relationship between LVH and plasma insulin concentration [23, 24] , suggesting that elevated insulin contributes to cardiac growth when the heart is subjected to chronic pressure overload. There have been few measurements of the effects of hyperinsulinemia on the human heart; however, it appears that insulin resistance in the myocardium in type 2 diabetic patients is relatively minor [125, 126] , particularly if plasma fatty acid concentrations are matched [127] . This is in stark contrast to the high levels of resistance observed in adipose tissue and skeletal muscle [119] . Thus, if there is insulin resistance in adipose and skeletal muscle, the plasma insulin and fatty acid levels will increase, which may activate insulin signaling and the PPAR pathway in the heart.
Effects of adipokines on the heart
Since the discovery of leptin over 10 years ago [128] , there has been a great deal of interest in the role of adipose tissue as an endocrine organ, and the effects of adipokines (e.g. leptin, adiponectin, resistin, ghrelin, visfatin) on eating behavior, substrate metabolism, and cardiac growth and function. At present, relatively little is known about how diet effects the secretion of these peptides or about their sites of production (visceral vs. subcutaneous adipose) and the effects on the heart and vascular system [129] [130] [131] [132] . The most studied adipokines are leptin and adiponectin, which both have effects on cardiac growth and metabolism.
Leptin
Leptin has been implicated as a potential mediator of LVH, primarily due to initial observations that it may increase sympathetic vasoconstrictor tone and increase arterial blood pressure [133, 134] . However, the direct role that leptin plays in vivo in triggering LVH remains unclear. Leptin normally acts to trigger satiety and reduce food intake [128, 135] , and is increased ∼ 4-fold in obese normotensive people compared to lean individuals [136] . Treatment of isolated perfused hearts with leptin increases fatty acid oxidation and reduces cardiac triglyceride stores [137] . In skeletal muscle, leptin stimulates AMP activated protein kinase (AMPK) and inhibits acetyl-CoA carboxylase (ACC), which increases fatty acid oxidation, presumably due to lower malonyl-CoA levels [138, 139] . However, this effect was not observed in the isolated heart [137] . Interestingly, leptin activation of fatty acid oxidation is greater in innervated skeletal muscle than in denervated muscle, suggesting the possibility that the hypothalamic effects of leptin are mediated through the discharge of peripheral nerves [138, 139] .
A strong positive correlation has been observed between fasting plasma leptin levels and increased LV wall thickness independent of blood pressure in a study comparing hypertensive and normotensive male patients [140] . The concept that leptin acts as a direct stimulant for cardiomyocyte growth is supported by studies showing an increase in cell size and protein synthesis in neonatal cardiomyocytes [18, 141, 142] . The mechanism and in vivo implications for these effects are unclear. Studies in isolated rat myocytes have demonstrated that leptin treatment results in increased protein synthesis and hypertrophy, and that pretreatment of these cells with a leptin receptor antibody attenuates these hypertrophic effects [141] [142] [143] [144] [145] . Additionally, these studies have demonstrated that the leptin-induced ERK1/2 activation was attenuated by Rho protein signaling inhibition, suggesting a possible role for these proteins in leptinmediated hypertrophy.
On the other hand, it has been suggested that diet-induced hyperleptinemia resulting from overnutrition confers differential metabolic effects than obesity-induced hyperleptinemia, which may provide an explanation for hyperleptinemia preventing lipid-induced cardiac dysfunction [146] . The cardiac hypertrophy and increase in cardiomyocyte apoptosis that is observed in the obese leptin deficient (ob/ob) mouse is reversed by long-term leptin infusion [17, 41] . Recent interest has focused on the ciliary neurotrophic factor (CNTF), which has receptors on cardiomyocytes that closely resemble those for leptin [147] . Activation of the CNTF signaling pathway regresses LVH in leptin-deficient mice [148] , however the mechanism for this effect is not clear. Studies demonstrated that treatment with CNTF activates AMPK and inhibits ACC, increases fatty acid oxidation, and lowers tissue triglyceride and ceramide content in skeletal muscle, presumably due lower malonyl-CoA levels [149, 150] . These observations are similar to the effects attributed to leptin treatment in skeletal muscle [138] , however this mechanism has not been demonstrated in the heart. Little is known about the effects of diet on plasma leptin in the absence of obesity. We observed that feeding rats a high saturated fat diet for 12 weeks reduced plasma leptin concentrations by 50% compared to normal chow or a high unsaturated fat chow, however there were no effects on body mass, blood pressure, LV mass or cardiac function [35] . Clearly additional work is required before the role of leptin in LVH is understood.
Adiponectin
Low circulating levels of adiponectin are observed in healthy obese people [136] and are an independent risk factor for hypertension [151] [152] [153] . Adiponectin knockout mice with sodium-induced hypertension demonstrated normalized blood pressure when treated with adiponectin, suggesting that adiponectin exerts a hypotensive action in response to sodium overload [15] . Aortic banding of adiponectin knockout mice results in enhanced concentric LVH and mortality compared to wild-type animals and is associated with increased activation of extracellular signalregulated kinase (ERK) and reduced AMPK activation in the heart [16, 154] . Restoration of cardiac adiponectin levels with adenovirus-mediated supplementation partially prevented LVH in response to pressure overload both in adiponectin knockout and wild-type mice and reduced mortality [16] . In addition, adiponectin knockout mice have a larger infarct following ischemia/reperfusion. Treatment with adiponectin reduced infarct size in knockout and wild-type mice. Studies in endothelial cells have shown that adiponectin promotes cell growth and angiogenesis by promoting cross-talk between AMPK and Akt signaling pathways [155] . Taken together, these findings suggest that adiponectin is cardioprotective and anti-hypertrophic and may act through activation of AMPK signaling (as also shown in skeletal muscle [156] ). In addition, low levels of adiponectin, such as those present in obesity, may put the heart at risk for LVH and greater injury when subjected to ischemia.
Macronutrient influences on LVH
The effect of dietary composition on the development of LVH has not been well studied. Our laboratory recently observed that feeding a high fat diet had no effect on cardiac mass or function in rats with established infarct-induced heart failure [19] . On the other hand, we observed that a high fat diet (60% of energy from fat) fed to hypertensive Dahl salt sensitive rats for 6 weeks prevented the development of LVH and improved systolic function compared to a standard high carbohydrate diet despite similar blood pressures [48] . In a subsequent study we assessed the long term effects of diet on hypertension-induced LVH, remodeling, contractile dysfunction, and induction of molecular markers of hypertrophy (i.e. expression of mRNA for atrial natriuretic factor and myosin heavy chain β) [49] . Similar levels of hypertension were achieved with high salt feeding in both diet groups (systolic pressure of ∼ 190 mm Hg), however hypertensive rats fed low fat/high carbohydrate chow demonstrated increased LV mass and myocyte cross sectional area, while end diastolic volume were increased and ejection fraction was decreased. Thus, increased dietary lipid intake can reduce cardiac growth, left ventricular remodeling, contractile dysfunction, and alterations in gene expression in response to hypertension. The mechanism of this effect is unclear, but could be due to greater ligand activation of PPARs and reduced insulin activation of growth pathyways ( Figs. 1 and 2 ). We have demonstrated that feeding Wistar rats a high fat diet (∼ 60% calories) for 8 weeks leads to a significant reduction in plasma insulin levels [35] . These findings suggest that there is a decrease in insulin signaling with chronic administration of various high fat diets. This may provide a mechanism for reduced hypertrophy due to reduced stimulation of the insulin signaling pathways. However, the effect of a high fat/low carbohydrate diet on insulin signaling in the heart has not been elucidated.
In a subsequent study, we investigated the effects of consuming either a high complex carbohydrate diet, a simple sugar diet (fructose), a high fat diet, or a mixed high fat/high sugar diet ("western diet") on cardiac hypertrophy and mortality in the same model [50] . Despite similar levels of hypertension, there was 18% in the western diet group, 30% mortality in the complex carbohydrate group, 85% mortality in the high sugar group, but no mortality in the high fat fed animals after 90 days of treatment. Thus, a high simple sugar diet consumed during hypertension increases mortality compared to either a high fat, high starch, or a "western" diet. A high sugar diet should result in a higher insulin exposure of the heart, which should trigger greater insulininduced cardiomyocyte growth via Akt mediated mechanisms ( Figs. 1 and 2 ) [12] .
Foods differ greatly in their ability to elevate blood glucose and insulin levels. The concept of glycemic index (GI) is an established measure to quantify the increase in blood glucose attributed to a food following a meal [157] . The increased consumption of low GI foods (i.e. composed of high levels of simple sugars) has been implicated as a Fig. 2 . Schematic speculation of how macronutrient intake might influence LV hypertrophy and subsequent dysfunction during pressure overload. Pressure overload stimulates LVH via Akt/mTOR dependent and independent mechanisms, and chronic LVH progresses to LV remodeling and subsequent heart failure. Eating a diet that is high in carbohydrate (particular simple sugar) and low in fat will increase plasma insulin and activate hypertrophic growth pathways through stimulation of insulin receptors (IR), and activation of Akt and mTOR. On the other hand, a low carbohydrate/ high fat diet will reduce result in low plasma insulin concentration and less activation stimulation of insulin mediate growth, and will elevate plasma fatty acid, resulting in greater activation of the PPAR pathway.
potential cause for the profound increase in type II diabetes, obesity, and cardiovascular disease in developed countries [158] [159] [160] . These metabolic disturbances appear to underlie the induction of insulin resistance and hyperinsulinemia commonly observed with high simple sugar feeding in both humans and animal models [161] [162] [163] [164] and are the basis for recommending a diet low in simple sugars in patient with insulin resistance and metabolic syndrome [157, [165] [166] [167] . Despite what is known about the hyperinsulinemic response to simple sugars, it is not clear whether diets high in simple sugars contribute to greater LVH in patients with hypertension.
There is extensive clinical evidence suggesting that high fat diets, especially those high in saturated fats, are closely associated with increased risk of CVD [67, 168, 169] . Recently, a low carbohydrate/high fat diet has been advocated as a weight loss/weight maintenance strategy [170] [171] [172] . However, the impact of such a diet on cardiac function, hypertrophy, and LV remodeling in patients with hypertension or with established LVH or heart failure is not known. While it is possible that one can change cardiac phenotype by altering their dietary carbohydrate and fat intake, there is a paucity of long term data on the effect of low carbohydrate/high fat diets on plasma hormones and lipid concentrations, and cardiac function and mass. Almost all clinical investigations on low carbohydrate/high fat diets have focused on weight loss, not weight maintenance or prevention of obesity. Nevertheless, there is a clear possibility that the composition of carbohydrate and lipid in the diet has a major effect in the development of LVH and cardiac dysfunction (Fig. 2) .
Polyunsaturated fats and fish oils
Polyunsaturated fats (PUFAs) and fish oils (which contain omega-3 fatty acids (n-3)) can contribute significantly to caloric intake, and have been shown to reduce the risk of arrhythmias and cardiovascular disease [173] [174] [175] [176] [177] [178] . The mechanisms behind the beneficial effects of PUFAs and fish oils are unclear [179, 180] , but might be partially due to greater PUFA incorporation into phospholipids in mitochondrial membranes and increased Ca 2+ activation of matrix dehydrogenased, and improved mitochondrial function, as suggested by PUFA feeding studies in aged rats [181] [182] [183] . There are few studies that have investigated the role of PUFAs and fish oils in hypertension and the progression of LVH. Diets high in fish oils prevent hyperinsulinemia, hypertriglyceridemia, and hypertension in fructose-and dexamethasone-induced hypertensive rat models [184] [185] [186] . Increased PUFA intake is associated with a reduction of reactive oxygen species and an increase in antioxidants during hypertension [187] [188] [189] . Dietary fish oils can prevent LVH in transgenic mice with a carnitine transporter mutation, which was attributed to modified diacylglycerol composition and resultant inhibition of PKC activation [190] . Siddiqui et al. demonstrated that n-3 polyunsaturated lipid docosahexaenoic acid (DHA) prevents cardiac hypertrophy by inhibition of the Ras-Raf1-Erk1/2-p90 rsk signaling pathway in a phenylephrine-induced hypertrophy model [191] . The role of PUFAs on lipid signaling via the PPAR system in cardiomyocytes remains to be clarified.
Ingestion of fish oils has recently been shown to increase the expression of adiponectin in adipose tissue, and increase plasma adiponectin concentration in mice and rats [44, 45, 47, 192] . Neschen et al. observed a dose-dependent increase in adiponectin up to maximum of 3-fold above normal values after 15 days of treatment [44] . This effect was also seen in PPARα−/− mice, but was absent in PPARγ−/− mice, thus fish oil activation of adiponectin synthesis is regulated by PPARγ. Rossi et al show that feeding cod liver oil to rats that were made insulin resistant by sucrose feeding also significantly elevated plasma adiponectin concentration [192] . An increase in adiponectin levels with increase fish oil consumption may explain the improved cardiovascular health observed in clinical studies [173] [174] [175] [176] [177] .
Summary
The role that dietary fat and carbohydrate composition play in the development and progression of LVH has not been well characterized. At present, the dietary recommendations for hypertensive individuals regarding energy macronutrients have not been determined. Animal studies demonstrate that enhanced stimulation of insulin-mediated growth pathways can trigger cardiomyocyte hypertrophy. Recent work suggests that the composition of dietary carbohydrate and fat can effect the development of LVH, ventricular remodeling, systolic function and survival in hypertensive rats. The role that dietary lipids -specifically PUFAs and fish oils -play in the regulation of cardiac size and function during chronic cardiac stress is unclear. Interaction between dietary lipids and heart size and function may be mediated through direct effects (e.g. PPAR stimulation in cardiomyocytes), or perhaps by indirect effects mediated by adipokines. It remains be determined whether manipulation of dietary macronutrient in human hypertensive patients can prevent LVH. Additional work is needed before the optimal diet for hypertension can be prescribed.
